Introduction
Although extensive research has been conducted on oil bioremediation, recent studies have concentrated on either evaluating the feasibility of the bioremediation process or testing specific products and methods [12] . Only limited numbers of pilot and field trials with small quantities of oily waste, possibly providing the most convincing demonstrations of this technology, have been carried out [13] , [14] , [7] , [15] .
In recent years large-scale bioremediation of >150,000 tonnes of dissimilar types of oily waste has been successfully carried out in batches at assorted oil installations in India using an indigenouslydeveloped microbial consortium which was able to biodegrade all the fractions of TPH of the oily waste to environmentally friendly end-products [16] . Bioremediation can be carried out in situ and ex situ in the field. Hence it is thought that there may be leaching of contaminated oil and some heavy metals present in the oil to local groundwater near the bioremediation site. In addition, for disposal of the bioremediated material to the environment, it is felt necessary to determine the concentration of selected heavy metals present in it, and match the same with the Schedule -II of HWM Act 2008, GoI. Presently there are no federal regulatory guidelines available in India for carrying out bioremediation of oily waste using microbes in the field. Hence, the MoEF, GoI, also insists that groundwater quality is monitored for the presence of oil and grease and selected heavy metals as well as the heavy metal concentration in the residual oily waste before and after bioremediation in the field.
The quality of water is of vital concern for mankind as it plays an important role in sustaining life on earth and is directly related to human welfare. A report by the Central Pollution Control Board (CPCB), GoI, states that ground water quality varies from place to place, with the depth of the watertable, and from season to season, and that it is primarily governed by the extent and composition of dissolved solids present in it [17] . A perturbation in the ecosystem comprising of water, air, oil and sediments as well as plant and animal life may be caused by the presence of metal ions and organic compounds beyond their natural levels [18] . One of the most visible tragedies caused by water pollution is Minamata disease caused due to Hg poisoning [19] . The contamination of ground water by heavy metals and pesticides has also assumed great significance during recent years due to their toxicity and accumulative behaviour [17] . The main threats to human health are associated with exposure to lead, cadmium, mercury and arsenic. These metals have been studied and their effects on human health regularly reviewed by the World Health Organization (WHO) [20] . Arsenic concentrations in groundwater in Bengal, Southeast Asia, and elsewhere constitute a major hazard to the health of people using these waters for drinking, cooking, or irrigation purposes [21] . Another major concern is groundwater pollution due to leaching of pollutants from surface sources like agricultural fields and waste dumps, which leads to chronic health hazards [22] . In addition to drinking purposes, the major volume of groundwater is utilized for irrigation, cooling and general operation in industry, and domestic sanitation. Hence, analysis of groundwater quality not only ascertains its physiological or domestic acceptability but also its technological usage. Assessment of quality of soil and groundwater will, therefore, help in ensuring the effectiveness of the bioremediation process from an environmental impact point of view.
Keeping these in view, the present study was undertaken to monitor groundwater quality and selected heavy metals in soil during largescale field case studies on bioremediation of oily waste carried out at selected oil installations in India.
Outline of Bioremediation Process
Large scale bioremediation was carried out both in situ at the contaminated site itself and ex situ, where a HDPE (high density polyethylene) lined secured bioremediation site was prepared inside the installation's premises. The oily waste was excavated and transported to the secured site using an excavator, dumper and trailer. The required quantity of indigenous oil degrading microbial consortium was produced in bulk in a bioreactor and transported to the bioremediation site to be mixed with the oily waste at intervals. The tilling of the oily waste was carried out at regular intervals to ensure proper aeration of the microbes. In order to maintain moisture content, site was watered as required. The process was continued until completion, where the total petroleum hydrocarbon (TPH) content was ~ 10 g/kg waste [5] , [16] , [23] , [24] .
Selection of Bioremediation Sites
A large-scale bioremediation field study of a total of 88,438 tonnes of oily waste was carried out in 127 batches at oil installations located in a variety of climatic zones spread all over India: Indian Oil Corporation Limited (IOCL) refineries, Chennai Petroleum Corporation Limited (CPCL), Mangalore Refinery and Petrochemicals Limited (MRPL), Oil and Natural Gas Corporation Limited (ONGC), Oil India Limited (OIL), BG Exploration and Production India Limited (BGEPIL) and Cairn Energy Pty India Limited (CEIL) ( Table 1 ). The type of contamination included acidic oily sludge (at Digboi refinery, IOCL) and non-acidic waste oily sludge (at other IOCL refineries, CPCL, MRPL), ETP / Tank bottom oily sludge and oil contaminated soil (at ONGC), synthetic oil-based mud (SOBM) waste (at BGEPIL) and oil contaminated drill cuttings (at CEIL).
Selection of Microbial Consortium
Over the past few years, indigenous microbial strains had been isolated by the authors' institute, from fifteen oil-contaminated sites located in different geo-climatic regions in India. The efficacy of the strains was evaluated for biodegradation of TPH component of oily waste and based on the functional diversity of the isolated strains, the best degraders for the major components of the TPH fractions were selected to form a consortium whose details have been reported in earlier studies by the institute [25] [26] [27] [28] [29] [30] , [14] , [31] - [33] , [6] and [34] - [37] . This consortium has been reported previously for application of biodegradation studies carried out either in the laboratory or in the field [5] , [38] - [41] , [16] , [23] , [24] , and [42] . In all the field studies the application rate of the microbial consortium was in the range of 1.04 -9.50 kg per tonne of waste depending upon various treatment conditions ( Table 2) .
Sampling
Residual oily waste samples from the bioremediation sites were collected at day zero, i.e. before application of the microbes to the waste, and at regular intervals until completion for monitoring the performance of the process and the selected heavy metals. Groundwater samples from bore wells near the bioremediation sites were collected at day zero and after completion of the bioremediation process. The sampling was carried out as per the detailed method described in Mandal et al., [24] .
Analysis of Residual Oily Waste and Groundwater Samples

1) Analysis of residual oily waste:
The residual oily waste samples were analysed for TPH, pH and selected heavy metals. TPH and pH was analysed as per the method described in Mandal et.al, [24] .
Selected heavy metals, Zinc (Zn), Manganese (Mn), Copper (Cu), Nickel (Ni), Lead (Pb), Cobalt (Co), Arsenic (As), Cadmium (Cd), Chromium (Cr) (total) and Selenium (Se), were analysed in composite samples of the residual oily waste. The sample was digested in nitric acid as per the USEPA 3050 B method. The digested extract was diluted to the required concentration and used for determination of the selected heavy metals by the following methods depending upon the availability of resources: a) Using an Atomic Absorption Spectrophotometer (AAS) (AAS -TJA, SOLAAR M Series, Unicam, USA), where metals like Se, and As were analysed using an AAS equipped with a hydride generation system or cold vapour technique. 
2) Analysis of Groundwater Samples
The groundwater samples were analysed for pH, Electrical conductivity (EC), Oil and grease and selected heavy metals (Zn, Mn, Cu, Ni, Pb, Co, As, Cd, Cr(total) and Se) and selected anions:
The pH was measured directly, after filtration of the suspended solids if appropriate, using a standard pH meter (Orion Expandable Ion Analyzer, model: EA-940) which was calibrated using standard buffer solution before taking the reading. The EC was measured using a standard conductivity meter (Control Dynamics Conductivity Meter, model:APX 185) which was calibrated using standard potassium chloride (KCl) solution before determining EC. Oil and grease was determined as per the standard method IS 3025 (P 39): 1991. Selected heavy metals were analysed using the stripping Voltammetric method as well as using AAS as described above. The selected anions present in the groundwater samples were analysed by Ion Chromatography Table 1 68 using an Ion Chromatograph (IC) with a conductivity detector (Metrohm IC 734). The analysis was carried out as per the standard operating manual of IC 734 supplied by Metrohm. The IC instrument was calibrated each time before performing the experiments [43] - [45] .
In both analyses, the monitoring parameters were selected considering the characteristics of crude oil used by the respective oil installations and also the quantum of environmental impact of the respective parameters as studied in the literature. Figure 1 Analysis of residual oily waste:
The study of the bioremediation of 88,438 tonnes of oily waste was carried out in 127 batches at different oil installations in India.
The initial TPH content range at all the installations was 57.50 -662.70 g/kg waste, which was reduced to 0.50 -57.10 g/kg after bioremediation. In most cases, the TPH content in the remediated soil was < 10 g/kg. The average time for bioremediation in each batch was 2 to 12 months. In a small number of cases, the bioremediation study took > 21 months depending on the initial oil content (ONGC Ankleshwar and Assam), type of waste (ONGC Cauvery and Mehsana, IOCL Digboi) and the geo-climatic condition of the site (MRPL, CPCL, ONGC Cauvery and Assam) ( Table 2 ). The biodegradation rate varied from 0.07 to 1.93 Kg TPH/day/m 2 and in almost all the studies the initial TPH was biodegraded by more than 90%. Figure 1 shows one oil contaminated site before and after bioremediation using the microbial consortium. Table 2 describes the pH details of the residual oily waste samples of the respective oil installations before and after bioremediation. Throughout the bioremediation process, the pH of all the samples was within the safe range of 6.5 to 8.5, except for the acidic oily sludge at the Digboi refinery, where the initial pH of the oily sludge was < 2 which was increased to 5.5 after bioremediation.
The details of the concentrations of the selected heavy metals in the residual oily waste samples before and after bioremediation are depicted in Table 3a & Table 3b . Figure 2 describes the Voltammetric diagram as a typical example for analysis of heavy metals using the Stripping Voltametry method. It can be observed that there was no considerable change in the concentration of selected heavy metals in the residual oily waste before and after bioremediation. However, the concentration of selected heavy metals varied among the oil installations, which was due to the type of crude oil processed by the respective installations. For example, the concentration range of Zn was 2 -12 mg/kg in oily sludge from IOCL refineries, whereas the same was 130 -150 mg/kg in acidic oily sludge from Digboi, 538 -542 mg/kg in oily sludge from MRPL, 1 -6 mg/kg in oily sludge from ONGC, 91 -98 mg/kg in oily sludge from OIL, ~15 mg/kg in SOBM waste from BGEPIL, ~46 mg/kg in drill cuttings from CEIL and ~70 mg/kg in oily waste from the Mumbai oil spill. It was also observed that the concentration of all the selected heavy metals in the oily sludge at IOCL refineries was <<10 mg/kg and in ONGC sludge it was << 6 mg/kg, whereas there was diversity in other installations, OIL, MRPL, CEIL, BGEPIL and Mumbai. For example, in the case of the MRPL refinery, most of the selected heavy metals (except arsenic, cadmium and selenium) were at higher concentrations even more than 500 mg/kg. In almost all the studies the selected heavy metals in the residual oily waste was within the permissible limit as per Schedule -II of HWM Act 2008, GoI.
No change in the heavy metal concentration before and after the bioremediation process (Table 3a & Table 3b ) indicated that the microbes used for biodegradation of the oily waste were not able to biodegrade the heavy metals present in the oily waste. From the analysis of the microbial population [5] , [46] , and [47] , it can be observed that the respective concentration of the heavy metals present in the oily waste did not affect the survival of the microbes, i.e. the microbes could tolerate the heavy metals concentration levels (even the highest concentration of >500 mg/kg) present in the respective soils. While correlating the biodegradation rate ( Table 2) with the heavy metal concentration present in the waste (Table 3a  & Table 3b ), it was observed that at 7 installations out of 16, the concentration of a few of the heavy metals was on the higher side i.e. >12 to <1388 mg/kg. However, the biodegradation rate in those installations varied from 0.07 to 1.93 Kg TPH /day/m 2 , whereas, at the remaining 9 installations, the heavy metals concentration was <<12 mg/kg and the biodegradation rate varied from 0.19 to 0.43 Kg TPH /day/m 2 . Hence, the impact of only heavy metal concentration on the biodegradation performance of the microbes could not be concluded, as the bioremediation performance also depends upon other factors such as climatic condition, frequency of tilling, composition of waste, quantity of microbes applied, initial TPH content, etc.. A separate manuscript, in this regard, entitled "Factors Affecting Large Scale Bioremediation of Petroleum Hydrocarbon Contaminated Waste in Indian climate" is under publication by the author.
Analysis of ground water samples:
The detailed groundwater characteristics near the bioremediation sites are described in Table 4a and Table 4b . Figure 3 describes the ion chromatograph as a sample of analysis for groundwater using Ion chromatography. It is observed that the pH in the groundwater samples before and after bioremediation was from 7.5 to 8.5, indicating no considerable change in pH after the bioremediation process. Similarly, there was no considerable change in EC after the bioremediation process. However, the EC range varied from 0.175 to 45.3 mS/cm depending on the geographical location of installations. In all groundwater samples the oil and grease was 'nil' indicating that no leaching of oil contamination to the underground water occurred during the bioremediation process. There was no considerable change in the concentrations of the selected heavy metals and anions before and after bioremediation. The results suggest that the bioremediation process of solid oily waste carried out in a secured HDPE lined bioremediation pit does not have any impact on groundwater quality. However, the selected heavy metals in the groundwater samples from the oil installations varied
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Figure 1:
Oil contaminated site at IOCL Mathura refinery, IndiaBefore (Left) and After (Right) bioremediation using indigenouslydeveloped microbial consortium. Table 2 considerably depending on geographical location. For example, the concentration range of zinc was 0.031 -7.368 mg/l, manganese 0.02 -0.950 mg/l, copper <0.001 -0.414 mg/l, etc. It was also noted that in all the groundwater samples, the selenium content was < 0.001 mg/l. In groundwater samples for the cases studies, the heavy metals and anion concentrations were within the permissible limits as per WHO & the Bureau of Indian Standards (BSI) and the Environment Protection Agency -Liquid Industrial Effluent (EPA -LIE). Table 2 : TPH and pH of oily waste in the present case studies before and after bioremediation. 
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From the present study 88,438 tonnes of oily waste was successfully bioremediated using an indigenously developed microbial consortium in 127 batches at different oil installations in India. The overall results show that the initial TPH content of 57.50 -662.70 g/kg oily waste was biodegraded to 0.50 -57.10 g/kg waste. The average time for bioremediation in each batch was 2 to 12 months depending upon the initial oil content and the climatic conditions at the contaminated site. The rate of biodegradation of the oily waste was 0.07 -1.93 Kg TPH/day/m 2 area. There was no considerable change in the concentration of the selected heavy metals in the oily waste before and after bioremediation. This indicates that the existing heavy metal concentration of the oily waste does not have any negative impact on the bioremediation process and also the microbes used for bioremediation of the oily waste do not biodegrade the heavy metals. The bioremediation process restricts leaching of oil to the groundwater and hence it has no impact on groundwater quality with respect to contaminating heavy metals and anion concentrations. There was diversity in the concentration level of the selected heavy metals in the residual oily waste due to the types of crude processed by the respective oil installations. Diversity was also observed in groundwater quality depending on the geographical locations of the oil installations. Table 3b 72 Table 4a : Ground water characteristics near bioremediation sites before and after bioremediation study. 
